Reasons for performing study: Knowledge of load effects is crucial for the understanding of the aetiology and pathogenesis of equine back problems. Objective: To investigate different load scenarios of the equine back, such as being ridden or increased muscle tone, using biomechanical simulations. 
Introduction
For thousands of years, human civilisation has almost literally rested on the horse's back. However, it is only recently that scientific interest in detailed biomechanical analyses of the sources and effects of back pain has greatly increased, and that back problems have become a prime focus of equine sports medicine.
Ridden horses not only carry the weight of saddle and rider, but also have to endure the additional load from various dynamic influences. Clayton et al. (1999) showed that, apart from carrying the weight of a rider with a body mass of 78 kg, the limbs have to endure an additional dynamic load of up to 380 N. Less is known about such influences on the back and knowledge of effects is crucial for the understanding of the aetiology and pathogenesis of equine back problems. Licka and Peham (1998) investigated the motion of the back in sound horses, as did Pourcelot et al. (1998) , Audigié et al. (1999) , Robert et al. (1999) , Faber et al. (2001) and Licka et al. (2001) . Denoix (1999) also produced an extensive review of spinal biomechanics and functional anatomy.
A saddle sensor mat allows precise determination of the pressure distribution underneath the saddle and allows exact localisation of possibly harmful pressure concentrations. In their review, Jeffcott et al. (1999) demonstrated the usefulness of such sensor mats and pointed out their plausibility and reproducibility of results. Further studies by Harman (1994) showed the influence of certain saddle pads upon pressure distribution and uncovered the stress on the horse's back induced by various commercially available saddle types. Werner et al. (2001) compared the properties of 2 brands of dressage saddles and observed a causal relation between pressure peaks under the saddle exceeding 3.5 N/cm⌺ at stance and consequent back problems.
However, the saddle sensor mat measures only exterior forces acting on the back; interior forces or torques are far more difficult to determine. One way to circumvent such hindrances successfully is to develop and design a biomechanical model of the equine back embedded in a dynamic simulation environment. With the advent of powerful computers and corresponding advanced mathematical techniques, modelling has become a commonly accepted and widely used means for studying the behaviour of biomechanical systems (Alexander 2003) .
The aim of our study was to explore the internal forces and torques during different load scenarios of the equine back, such as being ridden, or localised increased stiffness, at different gaits of the horse, based on kinetic, kinematic and electromyelographic data.
Materials and methods

Horses
Measurements were taken from 15 sound, mature horses (age 7-25 years, weight 450-700 kg), ridden with their accustomed saddle and rider (average body mass 68 kg).
Measurements
Electromyelographs of the left and right long back muscle were recorded at the level of T12. Kinematics of the markers at T5, T12, T16 and L6 were measured with a camera system 1 . The detailed setup was described by Peham et al. (2001) . The load of a rider on the back right beneath the saddle was measured with a sensor mat (Pliance Mobile-16HE) 2 with an array of 224 capacity sensors (range 0.1-10 N/cm 2 , sampling frequency 30 Hz).
Model
To investigate the interior forces and torques, we reduced the complex anatomy of the equine back to 2 fundamental components, the vertebral column and the long back muscle. This simplified model consisted of 20 cylindrical segments, reflecting the thoracolumbar spine from thoracic vertebra T5 to lumbar vertebra L6, coupled to each neighbouring segment with a central spherical joint and 4 springs (2 lateral, one ventral and one dorsal). The simulated long back muscle was acting on the lateral side of the first and last segments. The results were computed using a built-in differential equation solver with variable step size optimised for mechanical multibody simulation using ADAMS 3 . The parameter settings contained mass of the trunk (400 kg), force of the long back muscle (maximum 2 kN) and spring constants (lateral 18.8 kN/m and dorsal/ventral 21.2 kN/m).
Model input consisted of the EMG signal controlling the activity of the long back muscle, the load of the rider measured with the sensor mat, and the motion of the first and last segments derived from measured data of the marker placed at T5 and L6. Into this model, we incorporated the kinematics, kinetics and EMG of all 3 classical gaits (walk, trot and gallop). Model output was the 3D motion of the simulated back and the accompanying forces and torques.
The model was evaluated by comparing measured 3D motion of the markers at locations T12 and T16 to calculated motion at the corresponding locations by calculation of the correlation coefficient. Fine tuning of parameters (the spring constants and a scaling factor for the EMG) was terminated when the goodness of fit of the kinematics at T12 and T16 over all 15 horses exceeded r 2 ≥0.8. Beyond a certain point, when parameter tuning seemed to start oscillating around a suitable minimum, we ceased fine-tuning and 'froze' the parameter setting.
For this study we simulated 2 different scenarios. In the ridden/unridden case, the simulated forces were measured at the centre of the spherical joint connecting segment numbers 10 and 11. In the scenario with increased stiffness, the simulated torques were determined by measuring the spring forces located along the circumference of each segmental cylinder at 0, 90, 180 and 270°.
Results
In simulations with the segmental model, we found increased internal vertical forces acting on the intersegmental joint between segments 10 and 11, when the load of a rider was added acting on the centre of segment 10, of 3.83 N/kg for walk and 5.60 N/kg for gallop; trot yielded a decrease of -5.18 N/kg. All results were normalised by the body mass of the rider (68 kg). Amplitudes of the force curve (load and release during motion) between maximal and minimal vertical force also changed; walk showed an increase by 14.0% compared to the unridden case, trot a decrease by 16.1%, and gallop an increase by 10.8%. We found no change in maximal transversal forces when a rider was added at walk and trot, only gallop showing a 0.57 N/kg increase. There was a detectable effect upon force amplitudes, however. Force amplitude increased by 3.1% at walk compared to the unridden case, 15.7% at trot and 8.25% at gallop.
Compared to the effects of the added load of a rider, localised increased stiffness along 2/3 of the beam showed a much greater impact on the back. Figure 1 depicts a view the segmented model from above at a moment during walk, while a certain region of the back was modelled with an increased stiffness. The artificially stiffened region extended from the right-hand side over roughly 2/3 of the length of the segmented beam (Fig 1) .
Peak torques acting on the first 'normal' intervertebral joint (15th) following a region of the back with increased stiffness are shown in Table 1 . This shows the maximum torque around the vertical axis when lateral stiffness was raised and maximum torque around the transversal axis when dorsoventral stiffness was raised. All other segments essentially showed a similar outcome, although less pronounced.
Discussion
According to Einstein's quote to 'make everything as simple as possible, but not simpler', we reduced the complex structure of the equine back to the concept of a flexible beam. This flexible beam model, redesigned with a segmental setup, should reflect essential aspects of the biomechanics of the freely moving back of horses, while keeping the required model structure as simple (but not simpler) and mathematically tractable as possible. The simpler the model, the clearer it is which of its features is essential to the calculated effect (Alexander 2003) . Simple models are helpful in identifying important features of the internal biomechanical processes (Pandy 2003) . Generally, one has to bear in mind that model assumptions are seldom realistic and they are used here exclusively to illustrate the potential of modelling studies.
However, there is one major caveat. One should not mistake the model for an anatomically realistic simulation of the equine back. Such models serve only as first approximations of reality, and in our case the values found are the result of reference system, when it mimics the behaviour of the equine back. It resembles not anatomically, but solely biomechanically, the structure and behaviour of the back. Nevertheless, this model allows an initial estimation of the internal changes when load upon the back is added or when stiffness of the back is changed, as could occur with increased muscle tone, locally increased rigidity of the vertebral column and for many other reasons. Measurements of the exact force during rotation, flexion and extension of isolated equine spines in a tensile test machine have yielded similar results to our simulations (Schlacher et al. 2004; p 699) and demonstrate that the model parameters were chosen with justification.
When the horse is ridden, it has to endure not only the static weight of the rider, but also the dynamic load when moving (Clayton et al. 1999) . While there is a progressive increase in vertical force amplitude acting in the vertical direction at the intersegmental joint between the 10th and 11th segments from walk to gallop, in trot this force amplitude decreases by 16%, implying that, in trot, a rider exerts a certain stabilising effect in the vertical direction. In the transversal direction, however, the rider induces a destabilising effect of approximately the same magnitude. A possible explanation for this result might be that trot is intrinsically a symmetrical gait and the back shows lateral excursion limited by the long back muscles . However, at trot, the back shows significant vertical excursion and the added mass of rider and saddle dampens this motion. The model did not account for the increased muscle tone of the long back muscle when the horse is ridden. Increased muscle tone might amplify the results, as findings with increased stiffness would indicate.
More dramatic are the changes seen in the segment following a section of the back with increased stiffness. When 2/3 of the entire lengths are modelled with a greater rigidity, we found a 4-to 5-fold increase in the lateral peak torque at this specific segment and an even bigger, almost 10-fold, increase in the dorsoventral peak torque. Interestingly, the highest increase in maximal lateral torque occurred during walk, considerably higher than in trot, while dorsoventral peak increase was roughly within the same range. This can be explained by the fact that in trot the back is stabilised by the long back muscle, caused by the diagonal synchronism , whereas in walk, hip and shoulder show more rotational motion.
Increased stiffness over a region of 2/3 of the thoracolumbar spine might be a rather unrealistic scenario; however, it corresponds well to a case study published by Faber et al. (2003) , which reported restricted mobility of the spine between the 10th thoracic and 2nd lumbar vertebrae.
However, our results must be viewed with caution, as many local anatomical constraints have been neglected, and the possible introduction of additional stiffness might considerably alter or perhaps even contribute to the model outcome. A family of revised models radically improved in anatomical realism is under design and might help to raise the plausibility of the model results.
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